Abstract: Intracerebral hemorrhage (ICH) was widely believed to be a monophasic event whereby cell death occurs from the initial space-occupying effects of the hematoma. However, we now know that secondary degenerative events contribute to delayed cell death, functional impairment and clinical deterioration. In three experiments, we further characterized the long-term maturation of injury in the collagenase model of striatal ICH in rat. First, we quantified the volume of tissue lost from 7 to 60 days showing that tissue loss more than doubled over this time. As the volume of tissue lost does not distinguish gray from white matter damage, gold chloride staining was used in a second experiment in ICH rats that survived 7 or 60 days. The mid-sagittal area of the corpus callosum significantly declined (22%) over this period, whereas the hippocampal and anterior commissures were not affected. A third experiment used the Golgi-Cox stain to examine dendritic arborization of peri-hematoma and contralateral medium spiny neurons of the striatum. We found an early and sustained increase in dendritic arborization in the non-lesioned hemisphere, whereas there was initial atrophy of peri-hematoma striatal neurons that eventually recovered to normal. These findings show that tissue loss, including white matter atrophy, continues over extended periods after ICH making it a potential target for cytoprotective agents. Finally, the dendritic alterations in both ipsi-and contralateral striatal neurons likely influence spontaneous recovery and are potential targets to further improve it.
INTRODUCTION
Intracerebral hemorrhage (ICH) accounts for ~15% of all strokes (Broderick, 1994; Mayo et al., 1996; Qureshi et al., 2001) . It is one of the most lethal and functionally devastating strokes with few treatment options. Primary ICH results from the spontaneous rupture of a blood vessel(s) damaged from chronic hypertension and/or amyloid angiopathy whereas secondary ICH originates from bleeding vascular abnormalities (e.g., aneurysm), coagulation defects or tumors. Hemorrhagic transformation sometimes follows occlusive stroke, occurring spontaneously (Lyden and Zivin, 1993) or from use of tPA (The National Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group, 1995) .
Tissue destruction results from the immediate mechanical damage caused by infiltrating blood (e.g., shearing forces, space occupying effects) followed by secondary degenerative events (e.g., edema, disrupted blood-brain barrier, inflammation). An ICH was initially thought of as a monophasic event wherein bleeding is rapidly terminated by clotting and the tamponade effect. However, in many patients the hematoma expands, as noted with successive imaging, leading to poor outcome (Brott et al., 1997; Fujii et al., 1998; Fujii et al., 1994; Kazui et al., 1996) . Continued bleeding in this acute period *Address correspondence to this author at P217 Biological Sciences Building, Department of Psychology, University of Alberta, Edmonton, AB, Canada, T6G 2E9; Tel: (780) Fax: (780) 492-1768; Email: fcolbour@ualberta.ca probably occurs from the initial site of bleed as well as from injury to other vessels caused by the initial bleed.
For many reasons, the substantial amount of tissue destruction caused by the rapid, primary injury will likely continue to go untreated. However, whereas benefit should result from limiting ongoing bleeding such as with rFVIIa (Mayer et al., 2006) , recent clinical studies have not consistently demonstrated this. Beyond this time, secondary effects, which take place over weeks, can be targeted as these clearly exacerbate the initial insult (Gong et al., 2001; MacLellan et al., 2007; Xue and Del Bigio, 2000) . Thus, an understanding of such delayed injury is of high therapeutic importance especially given the difficulty with attenuating the primary insult.
The loss of neural tissue in the hematoma along with eventual resolution of inflammation results in a cavity and commonly ventriculomegaly (e.g., following basal ganglia injury). Several groups (Gong et al., 2001; , using rodent models, have shown that cell death occurs in the peri-hematoma region over a few weeks, and this likely contributes to the increase in total tissue loss observed in a recent rat study that used magnetic resonance imaging (MRI) out to 4 weeks post-ICH (MacLellan et al., 2007) . The loss of neurons in the peri-hematoma region, however, may not fully account for the substantial and delayed increase in observed tissue loss. Given the tendency of blood to dissect along white matter tracts during the bleed, it makes sense that ongoing white matter injury and atrophy probably contribute to delayed tissue loss. Unfortunately, most ICH studies do not assess white matter injury. Indeed, clinical trials of cytoprotective agents may be less successful because the effect of white matter injury is usually overlooked (Dewar et al., 1999; Stys, 1998) .
In a series of three experiments, we examined the maturation of long-term tissue loss following collagenaseinduced striatal ICH in rats. This widely-used model, developed by Rosenberg and colleagues (Rosenberg et al., 1993) , consistently injures the striatum and results in a well-characterized profile of behavioral deficits that make it well suited to evaluating treatments (DeBow et al., 2003; MacLellan et al., 2006; Peeling et al., 2001) . In Experiment 1, we quantified the volume of tissue lost at 7, 14 and 60 days after ICH using standardized histological procedures. These times were chosen because these represent relatively early to late survival time endpoints. We hypothesized that there would be continuing tissue loss over time as suggested by our recent MRI work (MacLellan et al., 2007) . In Experiment 2, we used gold chloride staining to assess white matter loss from 7 to 60 days post-ICH. Here we measured the areas of the anterior and hippocampal commissures, and the corpus callosumall at the mid-sagittal level. We hypothesized that there would be a continuing loss of white matter tracts over time.
In the final experiment, we used the Golgi-Cox stain for a detailed examination of the dendritic arborization of medium-sized spiny neurons in the striatum. We hypothesized that neuronal atrophy would occur in the peri-hematoma region.
METHODS

Animals
All procedures are in accordance with the Canadian Council on Animal Care guidelines and were approved by the Biological Sciences Animal Care and Use Committee. Seventy male Sprague-Dawley rats were obtained from the biosciences animal colony at the University of Alberta, weighing between ~200 and 250 g and at ~ 16 weeks of age at the time of ICH. All animals had ad libitum access to food and water, and were individually housed on a 12 hr light cycle for the duration of the experiment.
In experiment 1, animals were randomly assigned to survive for 7, 14, or 60 days (n = 10 each) following ICH and the volume of tissue lost was calculated from cresyl violet stained coronal sections. In experiment 2, white matter loss was studied in gold chloride stained sections from animals that survived 7 or 60 days (n = 8 each) following ICH. In the third experiment, we used Golgi-Cox staining to investigate neuronal dendritic structure in animals that survived for 7 or 60 days following ICH (n = 8 each), and these were compared to a naïve control group (n = 8).
Intracerebral Hemorrhage
Surgical procedures were performed using aseptic technique (e.g., sterilized instruments, drapes, etc.). We used the bacterial collagenase model of ICH based on Rosenberg and colleagues with minor modifications (MacLellan et al., 2007; Rosenberg et al., 1993) . Rats were anesthetized with isoflurane (4 % induction; 1.5 -2 % maintenance) in 70% N 2 O and 30% O 2 , and placed in a stereotaxic frame. Core body temperature was measured with a rectal thermocouple probe and maintained at normothermia (36.5 -37.5 o C) with a heating blanket throughout surgery. A midline scalp incision was made and the skull was leveled between Bregma and Lambda. A small burr hole was drilled in the skull 3.5 mm lateral and at the anteriorposterior level of Bregma. A 26 gauge needle (Hamilton syringe, Hamilton, Reno, NV, USA) was lowered 6.5 mm below the surface of the skull and 0.6 L sterile saline containing 0.12 U bacterial collagenase (Type IV -S; Sigma, Oakville, ON, Canada) was infused into the striatum over 5 minutes to create an ICH. The needle remained in place for an additional 10 minutes following the infusion in order to prevent reflux. The burr hole was sealed with a metal screw (model MX -080 -2; Small Parts, Miami Lakes, FL, USA). The scalp wound was infiltrated with Marcaine (Sanofi Canada, Markham, ON, Canada) and stapled closed.
Histopathology
All rats were anesthetized with sodium pentobarbital (80 mg / kg, i.p; Somnotol, MTC Pharmaceuticals, Cambridge, ON, Canada) and then transcardially perfused with 0.9% saline. In experiments 1 and 2, this was followed by 10% neutral buffered formalin (Fisher Scientific, Ottawa, ON, Canada). Brains in experiment 1 were extracted from the skull and placed in 10% neutral buffered formalin until sectioning whereas those in experiment 2 were cut mid-sagittally to reveal the cross-sectional area of the commissures. The hemispheres were then stored in 10% neutral buffered formalin. In experiment 3, the brains were removed and processed with a modified Golgi-Cox staining procedure (Gibb and Kolb, 1998) . All histological analyses were performed in a blinded fashion.
Cresyl Violet Stain
Brains from experiment 1 were removed from 10% neutral buffered formalin and placed in 20% sucrose formalin solution for cryoprotection. Frozen 40 μm coronal sections were taken every 200 μm throughout the lesion and stained with cresyl violet. Lesion volume was quantified using Scion Image J 4.0 (Scion Corporation, Frederick, MD, USA) according to the following method we have routinely used (MacLellan et al., 2007) :
Volume of Lesion = remaining volume of tissue in the normal hemisphere -remaining volume of tissue in the injured hemisphere.
Volume of tissue matter in a hemisphere = average (area of the complete coronal section of the hemisphere -area of ventricle -area of tissue damage) interval between sections number of sections.
Whole Mount Gold Chloride Staining
The mid-sagittal areas of white matter tracts were visualized via whole-mount staining of the lesion hemisphere with gold chloride (Wahlsten et al., 2003) . Each hemisphere was removed from the 10% neutral buffered formalin, quickly blotted dry, and incubated in about 20 mL 0.2% gold chloride in phosphate buffered myelin stain for about 40 minutes, or until the commissures appeared purple brown. Each hemisphere was then immersed in 2.5% sodium thiosulfate anhydrous for 5 minutes at room temperature. An image of the hemisphere was obtained at 1200 DPI with a flatbed scanner as the brain was mounted on a glass slide. The maximum cross-sectional areas for the anterior commissure, hippocampal commissure, and corpus callosum were subsequently quantified using Scion Image.
Golgi-Cox Staining
Brains were immersed in 20 mL of Golgi-Cox solution in an opaque container for 2 weeks. The brains were then immersed in 30% sucrose solution for another 2 days before sectioning. Coronal brain sections were cut using a vibratome at 200 m and developed (Gibb and Kolb, 1998) . Medium-sized spiny neurons in the striatum were traced onto paper using camera lucida with a 20 objective by a researcher blinded to treatment conditions. Five neurons per hemisphere were drawn for each animal and only those completely impregnated with Golgi-Cox solution were drawn. Segments of the dendritic branches were counted and classified according to branch order, such that dendrites originating from the cell body were classified as first order whereas successive branch orders were based on subsequent dendritic bifurcations. As well, a Scholl analysis of ring intersections was used to estimate dendritic length. In this analysis dendritic length was estimated by placing a transparent grid of concentric rings, equivalent to 20 m spacing, over the dendritic drawing, and the number of branches intersecting each ring was counted (Gonzalez and Kolb, 2003; Monfils et al., 2005) .
Statistics
Data were analyzed with SPSS (v. 15, SPSS Inc, Chicago, IL) using one-way ANOVAs and Scheffé posthoc tests. Results are considered statistically significant at the level of p 0.05 and data are presented as mean ± S.D..
RESULTS
Lesion Volume
The volume of tissue lost at 7, 14, and 60 days following collagenase-induced ICH injury is show in Fig.  (1A) , whereas representative photomicrographs are illustrated in Fig. (1B -D) . Tissue loss was primarily in the striatum, but surrounding areas were also affected including the globus pallidus, thalamus, internal capsule and corpus callosum. Ventricular enlargement was also prominent. An ANOVA revealed significantly greater tissue loss with increasing survival times such that the 60-day survival group had more injury than both the 7 (p < 0.001) and 14-day (p = 0.003) groups.
White Matter Tracts
The mid-sagittal area of white matter was visualized via gold chloride staining [ Fig. (2A) ]. There was a significant decline (22%) in the area of corpus callosum from 7 to 60 days (p = 0.025) [Fig. (2B) ]. However, the anterior commissure was not significantly (p = 0.134) different between the 7 (0.34 ± 0.02) and 60 day survival times (0.29 ± 0.08). Similarly, the hippocampal commissure had similar (p = 0.779) measurements at 7 (0.62 ± 0.11) and 60 days (0.60 ± 0.14). Fig. (2) . Representative photo of the mid-sagittal area of white matter visualized via gold chloride staining (A). The area of white matter was quantified as the area of the anterior commissure (AC), the hippocampal commissure (HC), and the corpus callosum (CC). The area of white matter was quantified at 7 and 60 days after ICH. The CC area (B) was significantly smaller at 60 days, whereas no significant effects were found for the AC and HC regions. See results for statistics.
Golgi Staining
Average dendritic length in the peri-hematoma region [ Fig.  (3A) ] was significantly different among groups (p = 0.006) as there was atrophy at day 7 (p = 0.032 vs. naïve controls), but not at 60 days post-ICH (p = 0.855 vs. naïve controls; p = 0.010 vs. day 7 post-ICH group). The average dendritic length in the contralateral-to-ICH striatum [ Fig. (3B) ] was also significantly different among groups (p = 0.002). Specifically, it was significantly longer at 7 and 60 days (p 0.013) compared to naïve controls, but not different between the 7 and 60 day post-ICH groups (p = 0.842). (3) . Dendritic length as measured by the Scholl analysis for the peri-hematoma striatal region (A) and contralateral to stroke striatum (B) for the control (naïve rats), 7 and 60 days post-ICH survival groups. In the peri-hematoma striatal region, dendritic length is significantly shorter for the 7-day survival group than the control and 60-day survival groups. In the non-lesion hemisphere, dendritic length was significantly shorter in the control group than the 7 and 60-day survival groups. See results for exact statistical values (* p < 0.05 v. naïve controls; ^ p < 0.05 v. ICH-60).
An ANOVA on branch order frequency (sum scores) revealed significant group effects for the injured and noninjured sides (p 0.026). For the injured side, the 7-day post-ICH survival group had significant fewer branches than naïve animals (p = 0.046), whereas the 60-day survival ICH group and naïve animals were not different (p = 0.968) as seen in Fig. (4A) . In contrast, there were significantly more branches on the contralateral-to-stroke side at 7 days versus naïve animals (p = 0.034). The 60-day animals were not significantly different than either the 7-day ICH group or the naïve animals (p 0.113). Order complexity was considered by taking the ratio of lower order branches (average of 1, 2 and 3) compared to higher order branches (average of 4, 5 and 6). These ANOVAs showed that there was a significant effect on the lesioned side (p = 0.034), but not on the non-lesioned side (p = 0.653). On the non-lesioned side the average ratio was 2.1 indicating that there were almost twice as many lower order branches than higher order branches. For the injured side, this increased to a ratio of 4.2 ± 2.4 and 2.9 ± 1.4 for the 7 and 60-day ICH groups, respectively (ca. 1.9 ± 0.3 for naïve animals). Only the 7-day group was significantly different than naïve animals (p = 0.034). Thus, it was branches of higher orders that were initially lost as can be also seen in Fig. (4B) . Fig. (4) . Dendritic complexity as measured by branch order analysis for control, 7 and 60 days survival groups in the peri-hematoma striatal region (A) and contralateral to stroke hemisphere (B). The 7-day survival group had significantly fewer branches than naïve animals (A) in the lesioned hemisphere. In the non-lesion hemisphere (B), there were significantly more dendritic branches as compared to the naïve and 60-day survival groups. See results for statistics.
Representative Golgi-Cox stained neurons are shown in Fig. (5) , which shows peri-hematoma dendritic atrophy at 7 days post-ICH (5A) compared to naïve animals (5B). Increased arborization beyond control levels at 7 (5C) and 60 days post-ICH occurred in the contralateral striatum.
DISCUSSION
This study used well-established histological techniques to confirm our recent MRI findings (MacLellan et al., 2007) wherein we show that injury continues for weeks following collagenase-induced ICH in rats. Further, we extend these findings by demonstrating that at least part of this quite delayed tissue loss is due to a thinning corpus callosum. We also show important changes in dendritic arborization, which was measured in Golgi-Cox stained neurons. Notably, we report that there is an initial dendritic atrophy in the perihematoma region that is not present at 60 days post-ICH, whereas in the contralateral striatum there is an early and sustained enhancement in dendritic arborization following ICH. Overall, these findings have important implications for assessing outcome in this model of ICH. Specifically, white matter damage should be evaluated and long-term survival studies are required, as short survival times may not accurately predict final outcome. Furthermore, our findings give some insight into spontaneous recovery in this model, which is likely to result from both ipsi-and contralateral dendritic alterations.
The primary implication of finding protracted tissue loss after ICH is that treatments may mitigate it to improve outcome. Interestingly, a rehabilitation treatment has already been shown to persistently (60 days) mitigate striatal injury when given from 1 -2 weeks after collagenase-induced ICH (DeBow et al., 2003) , which was another reason why we used 7, 14 and 60 day survival times in our first experiment. Our previous study used constraint-induced movement therapy (CIMT) to force the rats to use their impaired forelimb during rehabilitation exercises and in their home cage. Animals given this treatment had significantly smaller lesions at 60 days post-ICH. Similarly, a comparable rehabilitation program using environmental enrichment and skilled reach training also attenuates lesion size at 7 weeks post-ICH (Auriat and Colbourne, unpublished data). Thus, it is possible that this protective effect stemmed from attenuating gray or white matter loss, or enlarging the dendritic arbor of perihematoma neurons, among other possibilities. For instance, forced running soon after ICH appears to be neuroprotective in rats (Lee et al., 2003) , and it can promote cellular proliferation (Lee et al., 2005) . Thus, more delayed, clinically relevant rehabilitation paradigms may also have these effects.
A MRI study (MacLellan et al., 2007) compared the collagenase and whole blood models to show that the volume of tissue lost increased from 1 to 4 weeks after collagenase infusion, but not after whole blood injection. At this time there is no clear explanation for the difference, and given the lack of comparable time-course data in humans it would be premature to say which rat model better predicts the clinical course of ICH. Thus, we recommend that both models be used and that a similar histological study is completed using the whole blood model. Such as comparative study should take into account insult severity because this is likely to influence the maturation of injury.
Dendritic atrophy in the peri-hematoma region is an expected consequence of an ICH. Likely it stems, in part, from the direct mechanical insult to dendrites at a level that was insufficient to rapidly kill the neuron. As well, atrophy may stem from regional edema and blood brain barrier breakdown, inflammatory cell activity, loss of contact from and with destroyed neurons, and / or from toxicity caused by erythrocyte breakdown (e.g., iron catalyzed free radical injury). These events, which continue for days after ICH in rats (MacLellan et al., 2007; Xi et al., 2006) , can be treated resulting in improved functional recovery [e.g., deferoxamine - (Wan et al., 2006) ]. Commonly, these treatments do not affect the volume of injury, at least at relatively short survival times (e.g., 7 days), but it is possible that long-term protective effects might be observed had they been fully investigated. Similarly, various treatments may limit dendritic atrophy, which may not be evident with standard volumetric analyses. An increase in peri-hematoma dendritic arborization above that seen in naïve rats might also occur either spontaneously with time or through a neuroprotective intervention. Thus, it seems prudent to evaluate dendritic arborization in neuroprotection studies.
The finding of increased dendritic arborization above control levels in the contralateral striatum suggests that this region mediates at least some of the recovery seen after ICH. Indeed, increased dendritic complexity and spine density has been repeatedly associated with recovery after brain injury (Johansson, 2000; Kleim et al., 2003; Kolb, 2003) . Furthermore, the contralateral hemisphere has been implicated in recovery, especially in cases of severe injury (Calautti and Baron, 2003; Noskin et al., 2007; Teasell et al., 2006) . Thus, rehabilitation treatments, such as CIMT, may facilitate recovery by acting on both peri-hematoma and contralateral striatal circuits. Further research is needed to test this hypothesis and to determine if dendritic effects are observed elsewhere (e.g., motor cortex). As well additional research is needed to uncover the mechanism(s) of this effect (e.g., measuring growth factor levels).
There are several limitations with our study that must be considered. First, we did not examine behavior in this study. Thus, we cannot correlate the amount of damage to each brain structure (e.g., striatal neurons, internal capsule, corpus callosum) with behavioral outcome, but it is likely that damage to striatum and corticospinal tracts (vs. corpus callosum) account for the behavioral deficits commonly found (e.g., walking, reaching). We have measured behavior following collagenase-induced ICH in many other studies and have repeatedly found marked functional recovery especially in the first week following ICH (MacLellan et al., 2006; MacLellan et al., 2007) as others also note (Hua et al., 2002) . Further   Fig. (5) . Representative (camera lucida drawn) Golgi-Cox stained neurons in the peri-hematoma region at 7 days after ICH (A), in naïve rats (B) and at 7 days in the contralateral hemisphere (C). study is clearly needed to determine the contribution of many factors (e.g., resolution of edema, synaptogenesis, neurogenesis) to recovery post ICH, and it should not be assumed that mechanisms found to be important after ischemia will contribute similarly after ICH.
A second limitation is that, by necessity, we used a between subjects design to evaluate dendritic structure over time because there is no method that allows one to examine the same striatal neurons repeatedly over a long period. Accordingly, selection bias may have influenced our results. Specifically, some of the atrophied perihematoma neurons, which we sampled at a 7-day survival, may have died off leaving only normal neurons to sample from at a 60-day survival time. Thus, while it is possible that atrophied neurons did recover, they may also have died off thereby giving the impression of recovery. Arguing against this are collagenase studies that show only a few neurons dying beyond 7 days post-ICH (Felberg et al., 2002; Xue and Del Bigio, 2003) . This finding, however, may depend upon initial insult severity, which appears in those studies to be less than that presently used. One must also consider the possiblity that ICH-induced neurogenesis (Masuda et al., 2007; Shen et al., 2008) confound these results at the 60-day survival time if some new neurons were stained with Golgi-Cox and assessed in this study.
A third limitation is that while we have shown the area of the corpus callosum to diminish with time, we did not establish whether other axonal tracts, such as the internal capsule, undergo delayed degeneration and whether this is due to loss of axonal bundles, demyelination, or both. It is also impossible to determine the exact contribution of delayed white matter loss to the measured volume of tissue lost over this protracted time. Nonetheless, our findings do emphasize that delayed white matter loss occurs and this should be considered in cytoprotection studies. Thus, not only should white matter loss be assessed, but treatments should also be tailored to diminish it along with limiting grey matter injury. Several neuroprotective treatments have improved functional and histological outcome (lesion volume) after ICH in rodents, but the contribution of white matter to these effects are not known.
Fourth, many other factors could have contributed to the delayed loss of tissue. While it has been argued that only a few neurons die beyond 7 days post-ICH (Felberg et al., 2002; Xue and Del Bigio, 2003) , a loss of neuropil, axons, myelin and other cells (e.g., inflammatory cells) could also contribute to our observed effects. For instance, while the bulk of the inflammatory response normally subsides by 14 days (Gong et al., 2000; , it remains possible that the presence of some inflammatory cells in the peri-hematoma zone contributes in a small way to our estimate of "healthy" tissue and their eventual removal makes it appear as if additional neural tissue is lost. This is unlikely given that we excluded any abnormal-looking tissue, including the initial band of inflammatory cells, when we used the image analysis program to delineation normal tissue. Likewise, regional edema may contribute to an overestimation of "healthy" tissue at 7 days post-ICH. Arguing against this possibility are rat ICH studies showing that edema resolves before 7 days (Fingas et al., 2007; MacLellan et al., 2008) , and that the histological sections in this study did not look edematous at this time. Furthermore, we found a substantial loss of tissue occurred after 14 days when it is very unlikely that there is any residual edema. Regardless of the relative contributions of each of these possibilities, our findings illustrate that long-term survival studies are needed to truly gauge the level of brain injury.
In summary, we report that a substantial amount of injury occurs long after collagenase-induced ICH in rats, thus indicating that long term endpoints must be used in this model, including white matter assessment. Unfortunately, most neuroprotection studies do not examine the significance of white matter injury (Coleman and Perry, 2002) , which likely has contributed to the failure of clinical trials (Dewar et al., 1999; Stys, 1998) . Furthermore, we report that neuronal dendritic structure is markedly affected in both the perihematoma and contralateral striatum, which likely influences behavioral outcome. Few studies have examined recovery mechanisms or rehabilitation treatments after ICH, and of the latter it is common to find only relatively small effects (Auriat and Colbourne, 2008; Nguyen et al., 2007) . Thus, further rehabilitation-ICH studies are needed as findings in ischemia models may not necessarily apply, and those surviving ICH are often left with significant disability necessitating rehabilitation.
